The phototropins are blue-light receptors that base their lightdependent action on the reversible formation of a covalent bond between a flavin mononucleotide (FMN) cofactor and a conserved cysteine in light, oxygen or voltage (LOV) domains. The primary reactions of the Avena sativa phototropin 1 LOV2 domain were investigated by means of time-resolved and lowtemperature fluorescence spectroscopy. Synchroscan streak camera experiments revealed a fluorescence lifetime of 2.2 ns in LOV2. A weak long-lived component with emission intensity from 600 to 650 nm was assigned to phosphorescence from the reactive FMN triplet state. This observation allowed determination of the LOV2 triplet state energy level at physiological temperature at 16600 cm )1
INTRODUCTION
Plant growth and development are to a great extent regulated by light. Plants have evolved several photoreceptors that are able to respond to both the blue and red regions of the solar spectrum (1) (2) (3) . The plant phototropins are serine ⁄ threonine kinases that undergo autophosphorylation in response to absorption of blue light and control several physiological responses such as phototropism, light-mediated chloroplast movement and stomatal opening (1) . The photochemistry in this class of photoreceptors takes place in two flavin mononucleotide (FMN)-binding light, oxygen or voltage (LOV) domains at the N-terminus of the protein, which comprise ca 100 amino acids (4) (5) (6) . LOV domains form a subclass of the widely distributed Per-ARNT-Sim (PAS) family of signaling and interaction proteins (7) . LOV domains were also identified in algal (Chlamydomonas) phototropin (8, 9) , and in a number of prokaryotes (10) (11) (12) (13) (14) (15) (16) . They act as signaling photoreceptors involved in the regulation of plant and fungal circadian rhythms (17, 18) . Because of the ubiquitous cellular bioavailability of flavins, it has been suggested that LOV domains may serve as genetically encoded switches and fluorescence sensors (19) (20) (21) (22) (23) . LOV domains share such favorable bioengineering properties with BLUF domains (24) , which also bind flavin, and bacteriophytochrome (25, 26) , which binds biliverdin. Thus, the photoactivation mechanisms of biological photoreceptors are of considerable interest to bio(medical) research and technology.
Absorption of a blue photon in the LOV domain initiates a photocycle that leads to the formation of a long-lived flavin species absorbing at 390 nm (5, 27, 28) . It was proposed that this species corresponds to a covalent cysteinyl-C(4a) adduct (5) which was confirmed using NMR spectroscopy, X-ray crystallography and FTIR spectroscopy (29) (30) (31) (32) . Thus, absorption of blue light leads to the transient formation of a covalent bond between the FMN cofactor and the protein, which slowly ruptures in the dark to regenerate the noncovalent dark ground state species, presumably through a basecatalyzed mechanism (33, 34) . Absorption of near-UV light may also rupture the covalent adduct (35, 36) . Formation of a covalent bond to FMN bond triggers protein conformational changes on the surface of the PAS core which weaken interactions of this core with a C-terminal amphiphilic helix called Ja, packed against its central b-sheet (37) (38) (39) . Unfolding of the Ja helix is the critical event which regulates C-terminal kinase activity of phototropin and downstream signal transduction (40) .
The light-driven reactions of the LOV domain have been studied by means of time-resolved absorption spectroscopy (27, 28, 41, 42) . Formation of a spectroscopic photointermediate absorbing at 390 nm, corresponding to the covalent FMNcysteine adduct, takes place on a microsecond timescale. The covalent adduct has a lifetime of seconds to hours before it returns to the dark state. An intermediate state preceding adduct formation absorbing in the red showed spectral features characteristic of a FMN triplet state. Ultrafast spectroscopy showed that indeed singlet-to-triplet intersystem crossing takes place on the FMN chromophore on the nanosecond timescale at high yield (43) (44) (45) . Based on earlier molecular orbital calculations (46) this triplet state was proposed to be the reactive species that leads to adduct formation (6, 27, 43) . Alternatively, a radical pair mechanism was invoked to explain the LOV photoreaction (47-49) with neutral Cys-flavin radicals forming a short-lived intermediate on the reaction coordinate toward the covalent adduct. Recent spectroscopic and computational work has favored the latter mechanism (45, (50) (51) (52) (53) (54) .
In this contribution we further explore the primary photophysics of the LOV2 domain of Avena sativa (oat) phototropin 1 and FMN in aqueous solution by means of time-resolved fluorescence spectroscopy utilizing a multichannel synchroscan streak camera. The time-resolved emission data were published before in ref. (55) . This work presents a reanalysis of these data and resolves phosphorescence from the reactive triplet state of FMN bound to LOV2 and in aqueous solution, which allows an accurate positioning of the FMN triplet state level at physiological temperature. We discuss the results in relation to low-temperature emission spectroscopy on LOV2 published earlier (55) .
MATERIALS AND METHODS
Sample preparation. LOV2 from A. sativa phototropin 1 was expressed from a construct spanning residues 407-563 and contained an N-terminal fusion of protein G and a His-tag (37) . Twelve liters of cells was grown at 37°C to an optical density of 0.4 at 600 nm, induced with 500 lM M Isopropyl b-D D-thiogalactoside and grown for an additional 14 h after induction at 20°C. Cells were lysed via sonication. A. sativa phot1 LOV2 was purified on Ni-NTA resin (Qiagen). The protein was concentrated in a high-pressure stirred ultrafiltration cell with a 3000 molecular weight cutoff filter (Amicon). Prior to the experiments, the LOV2 domain was dissolved in 20 mM M Tris ⁄ 150 mM M NaCl buffer at pH 8.0. For the time-resolved experiments, the absorbance of the sample was adjusted to 0.1 per mm at the absorption maximum of 447 nm. The sample was loaded in a flow system containing a cuvette of 1 mm path length, and flowed at a speed of ca 5 cm s )1 by means of a peristaltic pump. The total volume of the flow system was 1.5 mL. For the low-temperature fluorescence measurements, the sample was diluted to an absorbance of 0.015 per mm, and contained in plastic cuvettes of 1 cm path length. FMN was purchased from Sigma Chemicals and used without further purification. FMN was dissolved in 20 mM M Tris, acetate or formate buffers at pH 8.0, 5.0 or 3.0 ⁄ 2.0, respectively.
Fluorescence spectroscopy. The streak camera setup has been described earlier (56, 57) and was applied to examine the fluorescence decay kinetics of the LOV2 domain and of FMN at pH 2.0, 3.0, 5.0 and 8.0. The time-resolved fluorescence kinetics were recorded upon excitation at 400 nm at an excitation power of 100 lW. The pulses were generated with a 50 kHz repetition rate using a regeneratively amplified titanium:sapphire laser (Coherent Mira-Rega). Fluorescence was collected with a right-angle detection geometry using achromatic lenses and detected through a sheet polarizer set at the magic angle (54.7°) with a Hamamatsu C5680 synchroscan camera and a Chromex 250IS spectrograph. The streak images were recorded with a cooled ()55°C) Hamamatsu C4880 CCD camera. The streak image represents the fluorescence intensity as a function of both time (vertical axis) and wavelength (horizontal axis). The image has a size of 1018 (vertical) · 1000 (horizontal) pixels, corresponding to 2033.5 ps and 310 nm, respectively. The spectral resolution was 8 nm and the spectrometer was calibrated by means of a Hg lamp. The spectra were not corrected for the wavelength dependence of the spectrograph diffraction efficiency and streak camera sensitivity. The streak camera data were analyzed with a global analysis program using sums of exponentials (58, 59) . Associated with each lifetime is a decay-associated spectrum (DAS). The instrument response function was described by a gaussian (20 ps full width at half-maximum).
RESULTS AND DISCUSSION
Time-resolved fluorescence spectroscopy FMN singlet excited-state dynamics in LOV2 and aqueous buffer. The room temperature absorption spectrum of darkadapted A. sativa LOV2 domain (data not shown) agreed with those presented earlier. In accordance with the literature, this species is referred to as D 447 (27) . The absorption spectrum exhibits a major peak at 447 nm and two shoulders at 422 and 473 nm, which correspond to vibronic states of the lowest singlet excited state S 1 of the FMN chromophore. The band at 375 nm can be assigned to the higher-lying S 2 singlet excited state of FMN.
The excited-state dynamics of the LOV2 domain and FMN in aqueous buffer at various pH were examined by means of time-resolved fluorescence spectroscopy. We performed synchroscan streak camera fluorescence measurements upon 400 nm excitation. Figure 1A ,B shows the kinetics of the LOV2 domain at 524 and 620 nm, respectively, along with the result of a global analysis procedure. One lifetime is required to adequately describe the time-resolved fluorescence data. The DAS is shown in Fig. 1C (solid line) and shows vibronic maxima near 495 and 525 nm and a shoulder at 550 nm. We find a fluorescence lifetime of the LOV2 domain of 2.2 ns, which agrees well with our previous result from ultrafast spectroscopy of 2.0-2.2 ns (43, 60) and that of others (44) . It is significantly shorter than the fluorescence lifetime of free FMN in aqueous solution ( [61, 62] and see below), and shorter than the fluorescence lifetime for the LOV1 domain in Chlamydomonas reinhardtii of 2.9 ns (62). The shortened fluorescence lifetime of the LOV2 domain compared with free FMN in solution most likely results from enhanced intersystem crossing to the triplet state due to the proximity of the cysteine sulfur to the isoalloxazine ring (43, 62, 63) . Enhancement of the intersystem crossing rate in LOV2 is induced through weak electron donation by the cysteine which mixes the FMN p-electrons with the sulfur orbitals (63) . In agreement with this notion, the C57S mutant of Chlamydomonas LOV1 has a significantly longer fluorescence lifetime of 4.6 ns (62). Ultrafast IR and (time-resolved) FTIR experiments on plant LOV2 domains are consistent with an unprotonated FMN triplet as the primary photoproduct (45, 53, 54) .
To date, all time-resolved work on LOV domains indicated strictly single-exponential fluorescence decay of the FMN chromophore in 2-4 ns (this work and refs. [43] [44] [45] 62, [64] [65] [66] ). This contrasts with results on other flavin-binding photoreceptors such as BLUF domains and cryptochromes where rapid, multiphasic electron transfer processes from nearby aromatic side chains quench the oxidized flavin singlet excited state on the picosecond timescale (67) (68) (69) (70) (71) (72) (73) (74) (75) (76) (77) . The single-exponential behavior is consistent with a highly ordered structure around the FMN chromophore in LOV domains, which is generally supported by their X-ray structures (6, 32, (78) (79) (80) . However, it is noteworthy that multiple cysteine conformers were observed in the ground state in some X-ray structures (32, 78) and by FTIR spectroscopy (81, 82) . If the reactive cysteine were to shorten the FMN singlet excited lifetime in LOV domains through a heavy atom effect, the singleexponential fluorescence decay of fluorescence would imply that cysteine conformer interconversion must be fast relative to the singlet excited-state lifetime of a few nanoseconds so that an averaged effect is observed. Indeed, molecular dynamics (MD) simulations have indicated that such side chain interconversions occur on the subnanosecond timescale (82) . Figure 2 shows the kinetics of FMN fluorescence emission at 522 and 630 nm in aqueous solution at pH 2. Figure 3 shows the kinetics at these wavelengths for FMN in aqueous solution at pH 8. The DAS for FMN at pH 2, 3, 5 and 8 are shown in Fig. 4 and show a broad band with a single maximum near 520 nm. For FMN, monoexponential fluorescence lifetimes of 2.7 ns at pH 2, and 3.9, 4.1 and 3.9 ns at pH 3, 5, 8, respectively, were found. The fluorescence lifetime of FMN at pH 8 reasonably agrees with the literature value (61, 62) . At pH 2 there is a significant shortening of the FMN singlet excited-state lifetime to 2.7 ns, as we have observed with ultrafast transient absorption spectroscopy (43) . Similar results were reported for lumiflavin in aqueous solution, where Representative traces of flavin mononucleotide emission at pH 8 (solid) and their fits (dashed) at 522 nm (top) and 630 nm (bottom). Estimated lifetime was 3.9 ns. At 522 nm, the signal before time zero can be entirely attributed to 3.9 ns decay in combination with the backsweep (after 6.5 ns) of the synchroscan streak camera system (59) . At 630 nm, the relatively higher magnitude of the signal before time zero must be attributed to an additional long-lived component and is assigned to phosphorescence. See text for details. LOV2 phosphorescence at physiological temperature. To describe observation of LOV2 phosphorescence by the streak camera system, some explanation of the data collection method is required. The synchroscan streak camera is synchronized to the pulse train emitted by the Ti:sapphire oscillator (operating at 76 MHz) that seeds the Rega amplifier (operating at 50 kHz). Thus, the streak camera sweeps back and forth every 13 ns while excitation of the sample takes place every 20 ls. For this reason, emission that is longer-lived than the (maximum) 2 ns time window may be recorded on the streak camera image as a constant contribution that is not time resolved. Its presence becomes apparent as a nonzero signal before time zero, essentially a ''baseline'' signal that in such a case has a distinct physical origin.
With the 2.2 ns fluorescence lifetime of LOV2, it is expected that such a nonzero signal appears on the streak image as a result from the first ''back sweep'' at 6.5 ns, because the fluorescence signal has not entirely decayed to zero at that time. In fact, the amplitude of this so-called back sweep signal can be used to accurately estimate fluorescence lifetimes that are signficantly longer than the maximum 2 ns time basis of the streak camera (59), as we do here for LOV2 and FMN in aqueous solution. This is illustrated in Fig. 1A , where a kinetic trace is shown with detection at 524 nm. It shows a signal before time zero that has a finite value, and the subsequent rise and decay of the fluorescence. The dashed line indicates a fit with an estimated single-exponential lifetime of 2.2 ns which also takes into account the back sweep effect on the streak camera. The fit accurately describes fluorescence decay and the prezero signal. Figure 1B shows the streak camera signal at 620 nm. Interestingly, the prezero signal is higher relative to the fluorescence signal after time zero (amplitude ratio 1:10) as compared to that observed at 524 nm of Fig. 1A (amplitude ratio 1:25). We conclude that a long-lived emission component, additional to the 2.2 ns fluorescence decay, also contributes to the streak camera signal at this longer wavelength. With the laser system operating at 50 kHz (20 ls pulse-topulse interval), the streak camera sweeps more than 4000 times between consecutive excitation pulses and accumulates the long-lived emission shown as the finite prezero signal in Fig. 1B . Hence, the absolute emission amplitude of the additional component may be very weak. Since we were aware that phosphorescence from the FMN triplet state might be present, we analyzed the data with an additional emission component with a lifetime of 2 ls, the FMN triplet state lifetime in the A. sativa LOV2 domain (27) . Figure 1C shows the DAS of the LOV2 fluorescence (solid line) and the additional long-lived component (dashed line), which was expanded 5 · 10 4 times. It shows a band spanning 600-650 nm, which indeed is typical of flavin phosphorescence (85) . Thus, this experiment provides the first experimental observation of phosphorescence from the reactive FMN triplet state in LOV domains at physiological temperature. With a modeled decay time of 2 ls, the integrated area under the phosphorescence band as compared to that of the fluorescence band provides an estimate of the dipole strength of the spinforbidden For FMN in aqueous solution, phosphorescence phenomena similar to those in LOV2 were observed. The kinetic traces of FMN at pH 2 and 8 show a relatively higher prezero signal at 630 nm than at 522 nm (Figs. 2 and 3 ). Global analysis of the time-resolved data yielded the DAS of fluorescence (solid line) and phosphorescence (dashed line) shown in Fig. 4 for FMN at pH 2, 3, 5 and 8. Because the FMN triplet lifetime in aqueous solution is a priori unknown (we did not attempt to control the oxygen concentration), we arbitrarily adjusted the lifetime to 10 ls to give a DAS amplitude similar to that of LOV2. For FMN at pH 2, the phosphorescence is not well resolved, which may be related to the low triplet yield under these conditions (43) .
We also performed streak camera experiments on LOV2 on a short time basis of 200 ps with 3 ps time resolution (data not shown). As for the long time basis of 2 ns, a single fluorescence decay time constant of about 2 ns was observed, without appreciable spectral shifting and a DAS identical to that shown in Fig. 1C . The lack of spectral redshifting of the fluorescence on a picasecond timescale is consistent with the notion that the solvation response of a protein matrix to creation of an excited state on the chromophore is very rapid and occurs on the (sub) 100 fs timescale (87) (88) (89) . In similar experiments on BLUF domains, no spectral redshifting of the fluorescence spectrum was observed (70, 77, 90) .
Low-temperature absorption and fluorescence spectroscopy
To compare the observation of phosphorescence in the streak camera data, it is useful to consider low-temperature steadystate fluorescence data of the A. sativa LOV2 domain, reproduced from ref. (55) shown in Fig. 5 . The excitation wavelength was 447 nm. The fluorescence emission spectra exhibit peaks at 485 and 520 nm at low temperature. Increasing the temperature to room temperature shifts the peak positions to 495 and 525 nm, respectively. The slightly different intensity ratios of the 495 and 525 nm bands between the room temperature steady-state fluorescence spectrum (1.2:.1) and that of the streak camera (0.95:1, Fig. 1C ) arise because the latter was not corrected for wavelength sensitivity of the detection system. The splitting of the 473 nm band in the absorption spectrum at 77 K (33,39) is also reflected in the low-temperature fluorescence spectra, where a double band structure is observed at 485 and 495 nm. The double peak structure was assigned to two different FMN C(4) = O conformer populations, coexisting in the dark state and characterized by C(4) = O carbonyl frequencies at 1712 and 1694 cm )1
. These arise from a single H-bond or double Hbonds to this site, from Gln-513 or Asn-492, respectively (39) .
Lowering the temperature from 298 K to 77 K leads to a marked increase of the fluorescence intensity. Integration of the fluorescence spectra shows that the fluorescence yield at 77 K is 3.7 times higher than at room temperature. With a room temperature fluorescence quantum yield of 0.13 in the LOV2 domain (43) , this observation suggests that the fluorescence quantum yield at 77 K is 0.41. The increase probably follows from internal properties of the FMN chromophore rather than from specific protein-chromophore interactions, as Sun et al. have reported that the fluorescence emission of free flavins in solution similarly increases upon lowering the temperature to 77 K (85).
A conspicuous feature of the low-temperature emission spectrum is the small but distinct band near 600 nm. Following our streak camera observations of Fig. 1 , this band can be assigned to phosphorescence of the proteinbound flavin (85) . The phosphorescence is observed in the 77 K, 90 K and 120 K spectra and to a lesser extent at 150 K. At room temperature no phosphorescence is observed in steady state. Thus, while at room temperature the phosphorescence band is only observed in a time-resolved measurement, lowering the temperature leads to ready observation of phosphorescence in the steady-state luminescence. This observation allows accurate positioning of the flavin triplet state in the LOV2 domain at 16 900 cm )1 at cryogenic temperatures.
The question arises why phosphorescence from the FMN triplet state is not observed in the steady-state emission spectrum at physiological temperature, yet is so prominent at cryogenic temperatures. The observation of a phosphorescence band at 77-120 K indicates that (with the forbidden nature of phosphorescence), the FMN triplet state must have a long lifetime. At 5 K, where no photoconversion to the adduct state occurs upon blue-light illumination (data not shown), an orange-red glow lasting for a fraction of a second emerged from the sample upon illumination and subsequent quick blocking of the light (55), indicating that phosphorescence indeed has a relatively long lifetime. Sun et al. observed phosphorescence for flavin in frozen solution at 77 K (85), indicating that such long FMN triplet lifetimes are an intrinsic property of flavin. At room temperature, the FMN triplet state is the precursor to the adduct state and has a short lifetime of only 2 ls, and hence phosphorescence is not observed in steady state. At low temperature, LOV2 only partly photoconverts to the adduct state, at a 28% fraction at 77 K and 78% at 150 K (50, 82) . Sato et al. demonstrated that the partial photoconversion is related to the aforementioned multiplicity of cysteine conformers in LOV2. At such low temperatures, only limited thermal interconversion between the conformers takes place and only those conformers that have a favorable molecular configuration with respect to the conserved cysteine form the covalent adduct upon illumination (82) . Hence, the FMN triplet states of those LOV2 domains that do not undergo adduct formation obtain a long lifetime and phosphorescence becomes observable in steady-state emission. 
